A flow injection analysis (FIA) system com-prising a tartrate-(TAT) selective electrode has been de-veloped for determination of tartaric acid in wines. Sev-eral electrodes constructed for this purpose had a PVC membrane with a complex of quaternary ammonium and TAT as anion exchanger, a phenol derivative as additive, and a more or less polar mediator solvent. Characterization of the electrodes showed behavior was best for membranes with o-nitrophenyl octyl ether as solvent. On injection of 500 L into a phosphate buffer carrier (pH = 3.1; ionic strength 10 -2 mol/L) flowing at 3 mL/min, the slope was 58.06 ± 0.6 with a lower limit of linear range of 5.0  10 -4 mol/L TAT and R 2 = 0.9989. The interference of several species, e.g. chloride, bromide, iodide, nitrate, gallic acid, tannin, sucrose, glucose, fructose, acetate, and citrate, was evaluated in terms of potentiometric selectivity coefficients. The Hofmeister series was followed for inorganic species and the most interfering organic ion was citrate. When red and white wines were analyzed and the results compared with those from an independent method they were found to be accurate, with relative standard deviations below 5.0%.
Introduction
One of the most important chemical characteristics of wines is their acid content. The non-volatile organic acids, usually a mixture of tartaric, malic, citric, succinic, and lactic acids, are the most important. Among these, tartaric acid is considered of prime importance, not only because of its chemical characteristics (it is the strongest and the most dissociated acid) but also for its organoleptic properties and for being the most resistant to bacterial degradation. Its natural source is the grape and the concentration expected in wines is within the range 1500 to 4000 mg/mL [1] . Both precipitation with calcium and potassium salts and/or attack by lactic bacteria can result in lower values; higher values can result from external addition, for any necessary correction of the final product.
In this sense, the determination of tartaric acid becomes an important factor for quality control of wines. Several procedures have been proposed for this determination, among which the Office International de la Vigne et du vin (OIV) and the Rebelein methods are the most common [2] . The former requires prior separation of interfering compounds by means of an ion-exchange column, addition of "vanadium reagent" after the medium has been strongly acidified, and reading of the absorbance at 490 nm after exactly 90 s. The latter is a quicker procedure; it involves addition of silver nitrate in acetate medium, carbon (to eliminate the color of wine), and "vanadium reagent". Because filtration is still required before measurement is possible, the method is, however, inadequate for routine determinations.
To enable accurate and quicker measurement without lengthy pretreatment, alternative procedures have subsequently been proposed in the literature. Among these, adaptation of the above-described methods to flow-injection analysis has been proposed [3] . The sample is prepared in acetic acid and injected into a stream of NaVO 3 in acetate buffer to form the colored complex. The absorbance is measured at 490 nm. Interference from other compounds can occur with this procedure, for which a different system including a dialysis unit with a cellulose acetate membrane was most recently suggested [4] . Other types of flow procedure and optical detection have also been reported in the literature; one example is the stop-flow of a mixture of periodic and tartaric acids with luminol for chemiluminescence readings. Here, the stop period is 30 min, which makes each determination timeconsuming [5] .
In the work reported herein an alternative procedure has been established for selective measurement of tartaric 2- acid, thus eliminating long pretreatment steps. The construction of TAT-selective electrodes, comprising poly(vinyl chloride) membranes, is proposed. Their insertion into flow-injection analysis systems should enable expeditious determination of TAT. [7] .
Reagents and solutions
All chemicals were of analytical grade, and deionized water (conductivity < 0.1 S/cm) was used.
Disodium tartrate (NaTAT, Sigma), sodium sulfate (Fluka), o-phosphoric acid (85%, Merck), and potassium dihydrogen phosphate (Riedel-de Haën) were used throughout. bis(Triphenylphosphoranyliden)ammonium (BTPPIA) chloride (Aldrich), L-tartaric acid (Fluka), bis(2-ethylhexyl)sebacate (bEHS, Fluka), o-nitrophenyl octyl ether (oNFOE, Fluka), dibutyl phthalate (DBF, Fluka), 4-tert-octylphenol (TOP, Fluka), poly(vinyl chloride) of high molecular weight (PVC, Fluka), and tetrahydrofuran (THF, Riedel-de Haën) were employed for preparation of the selective membrane. Sodium hydroxide (Merck), concentrated sulfuric acid (Merck), potassium chloride (Merck), potassium bromide (Merck), potassium iodide (Merck), potassium nitrate (Riedel-de Haën), gallic acid (Fluka), tannin (Riedel-de Haën), sucrose (Merck), glucose (Merck), fructose (Merck), sodium acetate (Merck), and sodium citrate (Riedel-de Haën) were used to evaluate the effects of both pH and interfering ionic species.
The ionic strength (IS) was adjusted to 10 -2 mol/L by means of lution and 100.0 mL 1 10 -2 mol/L BTPPIA chloride solution.
The sensor started precipitating only after adjustment of the pH of the final solution to 3.9 with small amounts of saturated NaOH solution. After thorough washing with water the filtered precipitate was kept in a dark flask in a dessicator to prevent light and humidity degradation. Sensor solutions Types A, B, and C were prepared by dissolving approximately 0.005 g (measured accurately) ionic sensor and 0.050 g TOP in 0.400 g oNFOE, bEHS or DBF, respectively. The corresponding membrane solutions were prepared by mixing these solutions with 0.180 g PVC in approximately 4.0 mL THF.
Each of the membranes, the compositions of which are indicated in Table 1 , was applied to a tubular conductive support of graphite and epoxy resin [6] . The selective electrodes obtained will be further denoted Types A, B, and C, according to the sensor solutions they contain.
Procedures
The working characteristics of the tubular TAT-selective electrodes were evaluated by use of a carrier solution of either IS adjuster or pH and IS adjuster. The injection volume of the FIA system ( Fig. 1 ) was 500 L and the flow rate of solutions through the detector was 3 mL/min.
The selectivity study was performed by separately injecting 500 L NaTAT solution and other possible interfering compound solutions into the carrier stream of 3.3 10 -4 mol/L Na2SO4 flowing at 3 mL/min.
To study the effect of pH on the potentiometric detector response, a small alteration in the manifold was required [9] . The pH of 200.0 mL NaTAT (1.0  10 -2 mol/L) in 3.3  10 -4 mol/L Na2SO4 was altered by addition of small amounts of saturated NaOH solution or concentrated H2SO4. These particular solutions were selected for pH changes to prevent significant volume increments during the trial, and the introduction into the system of foreign chemical species (i.e. species different from those already 3.3 10 -3 mol/L Na2SO4 solution. Simultaneous adjustment of pH present: Na + , SO4 , and TAT). For each different pH investigated, and ionic strength (IS) was achieved with H3PO4-NaH2PO4 buffer 500 L was introduced into a 3 mL/min carrier stream of 3.3  solution of pH 3.1 and 10 -2 mol/L IS.
Apart from other chemicals, each carrier solution contained 1  10 -6 mol/L NaTAT, both to stabilize the baseline and to preserve the selective membrane. All standard solutions injected inside the manifold were prepared by accurate dilution of 1.0 10 -1 mol/L stock solution with carrier containing no NaTAT.
The influence of pH was studied for 1.0 10 -2 mol/L NaTAT solution. Interference from other chemicals was determined by the separated-solutions method [8] , for which 1.0 10 -3 , 5.0 10 -3 , and 1.0 10 -2 mol/L solutions of NaTAT and potassium chloride, potassium bromide, potassium iodide, potassium nitrate, gallic acid, tannin, sucrose, glucose, fructose, sodium acetate, or sodium citrate were prepared. All these solutions were prepared in 3.3  10 -4 mol/L Na2SO4.
Construction of TAT-selective electrodes
The anionic exchanger, BTPPIA·TAT, was prepared by a precipitation reaction between 50.0 mL 1 10 -2 mol/L L-tartaric acid so-10 -4 mol/L Na2SO4. Wine samples were analyzed immediately after 10-or 20-fold dilution of white or red wines, respectively. Before analysis the potentiometric system was calibrated under the optimum FIA conditions: 500 L and 8 mL/min with a carrier stream of buffer (pH 3.1 and 10 -2 mol/L IS).
The results from potentiometric analysis were compared with those obtained by the Rebelein method [10] . White wine samples were mixed with AgNO3 in acetate medium and with decolorizing carbon. Red wines were treated similarly after previous 1 : 1 dilution. After agitating for 10-15 s, vanadate reagent (prepared by dissolving NH4VO3 in NaOH and CH3COONa solution) was added. The resulting solution was filtered and its absorbance at 530 nm was recorded. The corresponding concentration was calculated by means of a calibration curve established by similar treatment of standard solutions containing 0.50, 1.00, 1.50, and 2.1 g/L tartaric acid.
Results and discussion
To produce TAT-selective electrodes with proper working characteristics, three polymeric membranes were first prepared. These membranes had basically the same overall composition but contained different plasticizers (oNFOE, bEHS, or DBF), because of the great influence of these components on the potentiometric response. Apart from different chemical structures, they have very different polarity characteristics; oNFOE is the most polar, with a dielectric constant of 23.6 [11] .
An additive was present in each membrane to increase its selectivity to the carboxylate anion in TAT, as a result of its ability to form hydrogen bonds [12] .
The behavior of every TAT-selective electrode was first investigated, so the best could be selected for analysis of real samples.
Working characteristics of the TAT-selective electrodes
The working characteristics of the different TAT-selective electrodes were evaluated in the FIA manifold depicted in Fig 1. A 500 L injection volume and a 3 mL/min flowrate were selected to establish conditions equivalent to the stationary state. Results obtained when IS was adjusted indicated significant differences among the sensitivities of the three selective electrodes, that of Type A having the highest slope (Table 2) , even though its response was less than the Nernstian-predicted value. Because of the twopKa values of tartaric acid, 3.1 and 4.2 [2] , an improvement would most probably be obtained below a specific pH.
The influence of pH was studied with standard and carrier solutions containing a lower concentration of Na 2 SO 4 than those used for IS adjustment. Because of possible interference from this electrolyte, adjustment of the ionic strength would lead to a potentiometric response that would result from the combined effect of pH and SO 4 2-. Complete removal of electrolyte from the carrier was, on the other hand, impossible, because readings of potential were very unstable as a result of inadequate electrical contact between the indicating and reference electrodes. The results obtained were indicative of similar behavior for the three TAT-selective electrodes. Whereas increasing the pH resulted in an increase in the potential, the opposite effect was observed for recordings at low pH. The operational pH range was found to be between 3 and 4, where potential changes were ± 6 mV ( Table 2 ). Even though these pH limits were related to tartaric acid pKa values, the small pH range might also have been a consequence of the presence of TOP in the selective membranes -because of its dissociation to phenolate ion, an H + exchanger would also be present within the membrane [13] .
The behavior of the electrodes was further evaluated under simultaneous adjustment of pH and IS, selecting here a pH of 3.1. Results were indicative of improvement of the working characteristics of the three electrodessensitivity, lower limit of linear range, repeatability of the analytical signal, and linear correlation ( Table 2) . Curiously, electrode response was also quicker, enabling the reading of more plug solutions per hour. Of the three types of TAT-selective electrodes, those of Type A had better working characteristics, especially sensitivity.
The interference of other compounds with TAT determinations was also evaluated. As in the pH study, all solutions were prepared in 3.3 10 -4 mol/L Na 2 SO 4 . Potentiometric selectivity coefficients were calculated for 5.0  10 -3 mol/L and for several compounds, as indicated in Table 3 . When their degree of ionization was unknown, it was assumed that the analytical signal resulted from an anion with a charge of -1, i.e. interference was assumed to be the highest possible. Succinic acid was not included in this trial, because it is not commonly present in wines. Basically, inorganic interference followed the Hofmeister series: I ->NO 3 ->Br ->Cl - [14] . Among organic compounds, carbohydrates (glucose, fructose, and sucrose) resulted in the lowest, indeed insignificant, interference. Similarly, both gallic acid, representing here the polyphenols of wines, and tannin did not interfere significantly with the potentiometric response. Carboxylate compounds, particularly citrate, resulted in the highest interference. Unlike acetate, citrate can be present in wines at concentrations ranging from 0 to 500 mg/L [2] , leading to the possibility of inaccurate reading of samples. Nevertheless, the potential measured for a real sample is a combination both of interfering ions and of the TAT ions present in solution, "competing" at the same time for the same membrane. Because the electrodes are constructed for measurement of TAT, and the concentration of citrate in wines is much lower than that expected for tartaric acid, the interference of citrate can probably be ignored. The same can also be said about interference by malic and lactic acids. Another point contributing to the non-interference of these acids would be their lower degree of ionization compared with TAT. Lower coefficients were usually obtained with the Type-A TAT-selective electrode.
Because of its better working characteristics and greater selectivity, the Type-A TAT-selective electrode was used for analysis of wines.
Optimization of FIA Because a selective detector was incorporated into the FIA system, a very simple flow manifold was considered. For this reason only injection volume and flow-rate were evaluated. The optimization was multivariate -the analytical signals produced for 100, 200, 500, and 1000 L samples were checked at flow-rates of 2, 4, 6, and 8 mL/min. Recordings from each previous condition were mainly evaluated in terms of dispersion [15] , for which 5.0  10 -4 , 1.0 10 -3 , and 5.0 10 -3 mol/L NaTAT standard solutions were selected. Whereas injection of 200 L resulted in high dispersion values, even for the lowest flowrate, use of 500 L ensured low or even zero dispersion values at every flow-rate tested. These results could, therefore, be a consequence of the response time of the Type-A TAT-selective electrode and the dispersion of the solutions inside the manifold. Considering also that increasing the flow-rate enabled analysis of a greater number of samples/hour, the conditions selected were 500 L and 8 mL/min.
Assuming the possibility of a change in electrode behavior under the previously selected conditions, the working characteristics of the Type-A selective electrode were re-evaluated. Apart from an increase of analytical frequency, no significant differences were recorded.
Application to real samples TAT was determined potentiometrically in wines after calibration of the FIA system under pH and IS adjustment (Fig. 2) . Before injection every sample was diluted to fit the calibration curve. The results obtained for several white and red wines are indicated in Table 4 , which lists averages and standard deviations from six determinations. Sampling rates were approximately about 70 samples/h when real samples were injected.
The accuracy of the potentiometric results is apparent from relative errors below 5%, when compared with the Rebelein method. In addition, a paired two-tail test for 5% level of significance gave a calculated t (0.243) below that tabulated (t 0.05,10 = 1.812), thus confirming the null hypothesis that the two methods agree. When the variances obtained for each sample were compared by means of the F-test, using the same assumptions as for the Student ttest, the calculated values (Table 4) were always below the critical F-value (F 0.025(5,5) = 7.15), thus confirming the null hypothesis.
In this work we assumed non-interference by malic acid if the amount present was less than 10% of the tartaric acid content. Higher concentrations of malic acid in wines were not encountered in the samples analyzed.
both to the Rebelein method and to other methods described in the literature. The proposed system is simple, accurate, and inexpensive in terms of reagent consumption and equipment involved, and is suitable for routine application. Sample preparation is achieved by simple dilution; this could be performed automatically by including e points, reactors of long length, etc., in the FIA Because samples with high levels of other organic acids were not tested here, such samples should be investigated before use of this technique for analysis of different kinds of wine, to guarantee the accuracy of the results.
